With the aid of indocyanine green (ICG), lymphatic architecture and function in both mice and humans has been successfully imaged non-invasively using near-infrared (NIR) fluorescence imaging devices. Maximal measurement sensitivity of NIR fluorescence imaging devices is needed for "first-in-humans" molecularly targeting NIR fluorescence agents that are brighter than non-specific ICG. In this study, we developed a solid phantom and measurement approach for the quantification of excitation light leakage and measurement sensitivity of NIR fluorescence imaging devices. The constructed solid phantom, consisting of quantum dots impregnated onto specularly reflective surface, shows long-term stability and can be used as a traceable fluorescence standard. With the constructed solid phantom, the intensified CCD (ICCD)-based device demonstrated more than 300% higher measurement sensitivity compared to the Electron Multiplying CCD (EMCCD) based device when integration time was maintained less than 1.0 s.
Introduction
Lymphedema is an incurable disease that can be congenital, but in Western countries is usually acquired following surgical resection of lymph nodes as part of cancer staging with increased risk following radiation treatment. The hallmark of lymphedema is the failure of the lymphatic vasculature to transport excess interstitial fluid back to the blood vasculature, resulting in chronic swelling. The exact cause of lymphedema is unknown and there have been few advancements in the diagnosis and treatment of the disease over the past 60 years. Previously, we demonstrated the ability to image lymphatic function non-invasively in swine and mice using near-infrared (NIR) fluorescence (1, 2) and have since translated lymphatic function imaging into humans as one of the first clinical applications of NIR fluorescence imaging (3) for the purposes of detecting early signs of lymphedema following cancer treatment (4, 5) and evaluating the lymphatic response to lymphedema therapy (6, 7). Investigational NIR fluorescence imaging Technology in Cancer Research & Treatment, Volume 11, Number 1, February 2012 of human lymphatics begins with 0.1 cc intradermal injections containing 25 µg of a dim NIR fluorophore, indocyanine green (ICG). The ICG-laden lymph fluid rapidly enters the lymphatic capillary plexus and transits through lymphatic vasculature and lymph nodes. By illuminating tissue surfaces with dim 785 nm laser diode light and collecting the emanating, 830 nm fluorescent signal with an intensified charged coupled device (ICCD), consecutive images of lymphatic contractile flow are acquired. With a 200 ms integration time, images can be compiled to generate a "movie" from which lymphatic propulsive velocity and frequency can be used to quantify lymphatic function and its stimulation by therapy. Figure 1 and online supplemental video #1 shows a typical, recent example of the lymphatic vasculature and function in the arms of a normal volunteer. Figure 2 shows an example of aberrant lymphatic architecture and function in a subject diagnosed with lymphedema. As our team has conducted such measurements in humans over a period of 2006 until the present (1-9), we have continually improved the sensitivity of the instrumentation in anticipation of the translation of "firstin-humans" molecularly targeting NIR fluorescence agents and three-dimensional NIR fluorescence tomography.
NIR fluorescence tomography involves the use of a gainmodulated, intensifier coupled to the charge coupled device (CCD) in order to conduct time-dependent measurements for efficient tomographic reconstruction of fluorophore location (10). When compared to time-independent or continuous wave (CW) measurements, time-dependent, frequency domain photon migration (FDPM) fluorescence measurements are less sensitive to heterogeneous tissue absorption and scattering properties (11), provide greater contrast for fluorescence (12, 13) , and enable less ill-posed reconstruction approaches, but have a reduced instrument response function and signal-to-noise ratio (SNR). Typically, CW NIR fluorescence measurements are conducted with an Electron Multiplying CCD (EMCCD) rather than an ICCD, both of which have different noise characteristics owing to their different in gain mechanisms. In addition, the resolution of images acquired by ICCDs is limited by the spatial resolution of the intensifier multichannel plate and can be dramatically inferior to EMCCDs. There has been little work to assess the performance of either time-dependent or time-independent measurement systems designed to collect NIR fluorescence emanating from intact biological tissues. In addition, there are no metrics for assessing the sensitivity of NIR fluorescence imaging systems currently deployed in clinical studies.
Because of the rapid evolution of NIR fluorescence devices in our human studies as well as others (8, 14) , there is a clear need to characterize devices and develop a Figure of Merit for evaluating measurement sensitivity, especially when translating into humans with different imaging devices. In this contribution, we first briefly review the "noise floor" that limits the sensitivity of NIR fluorescence imaging from tissues and the differences in gain mechanisms that define noise levels in EMCCD and ICCD-based devices. Next, we describe a solid phantom for characterization of excitation light leakage and measurement sensitivity that can be used to compare imaging devices and to provide a robust standard for validation in manufacturing and for operational qualification prior to clinical use. We use the solid phantom to compare the Figures of Merits of (i) the transmission ratio (R) and (ii) SNRs of EMCCD and ICCD-based devices used in small animal and human studies within our laboratories. Finally, we comment upon the importance of device sensitivity for translating "first-in-humans" molecularly targeted NIR fluorescence agents and propose a methodology for operational quality assessment using the solid phantom system.
Approach and Theory
NIR fluorescence imaging and tomography are accomplished using integrating camera systems based upon a CCD, EMCCD, or ICCD. The measurement sensitivity of fluorescence imaging systems is mainly governed by (i) the quantum efficiency of CCD chip and intensifier, (ii) gain for EMCCD and ICCD cameras, (iii) various noise sources in the CCD camera, and (iv) the leakage of ambient and excitation light through the optical filters that are used to selectively pass the generated fluorescence light. Excitation light leakage may arise from one or more of the following: (i) broad band illumination sources or laser diode sources that have side-band components located at the emission wavelength that is selectively passed by the optical filters; (ii) limited optical densities of the filters at undesired wavelengths; and (iii) the spectral "blue shifted" performance of filters that arises due to the multiply scattered, non-normal, incident light (15, 16) . With the optimized filter permutation and appropriate illumination sources, we have shown that excitation light leakage can be reduced to improve measurement sensitivity (17).
Transmission Ratio for Quantifying Excitation Light Leakage
In order to quantify excitation light leakage of our imaging devices, we previously devised a method to measure excitation light leakage (15) (16) (17) (18) . Excitation light leakage is defined as the signal S(l x ), or the collected, average pixel intensity values associated the image of the scattering surface that arises exclusively of excitation light which has "leaked" through filters. It is effectively the "false" signal that can be measured from the images of a phantom without a fluorescent source following illumination at the excitation wavelength. When the fluorescent dye is present, the collected average pixel intensities represent both the fluorescent signal as well as the "leaked" excitation light and are defined as S(l x 1 l m ). Measurement settings such as integration time, gain and laser power were held constant for collection of signals S(l x ) and S(l x 1 l m ) from phantoms without and with fluorescent dye present. Other system effects that may add to noise level are typically removed through an additional subtraction of the mean ambient noise (obtained without illumination of excitation light). The transmission ratio R is then calculated using the following equation:
Where S(l x ) signals are the "off-band" collected signals, whereas S(l x 1 l m ) 2 S(l x ) represent the ''in-band'' collected signals. A lower value of the transmission R signifies less excitation light leakage.
Multiplication Mechanism of the EMCCD and ICCD Cameras
Due to the different gain mechanisms, EMCCD and ICCD based imaging systems behave differently in terms of resolution, speed, and measurement sensitivity. Compared to conventional CCDs, an EMCCD camera features on-chip multiplication through the insertion of a multiplication register between the end of shift register and the output amplifier, as shown in Figure 3A . Electrons are accelerated from pixel to pixel in the multiplication register by applying higher-than-typical CCD clock voltages. This process causes secondary electrons to be generated via an impactionization process that is initiated and sustained when these voltages are applied. The degree of multiplication gain can be controlled by varying the clock voltages applied to the register and the resultant gain is exponentially proportional to the voltage.
In an ICCD camera, an image intensifier is coupled to the CCD chip via a lens or fiber-optic taper. The image intensifier consists of three main components, namely, a photocathode, a microchannel plate (MCP), and a phosphor screen, as shown in Figure 3B . At the photocathode, the fluorescence light signal is converted into electrons via photoelectric effect. The photoelectrons are driven to the MCP, which contain a finite number of parallel channels. The coated secondary electron emitter on the MCP channels generates more electrons when hit by passing electrons. Finally the amplified signal is converted back to a light signal at the phosphor screen which is imaged by the CCD camera. The gain of ICCD camera is adjustable by increasing or decreasing voltages applied to the photocathode or MCP of intensifier. The image resolution of the ICCD can be impacted by the number of channels on the MCP and the electron dispersion from the photocathode to the MCP input.
Sources of Noise in the CCDs, EMCCDs and ICCDs
The potential noise sources in CCDs consist of the signal inherent shot noise, dark current noise and readout noise (19). Shot noise is generated by the statistical fluctuations in the number of photons and represents the detection limit of a detector. For the ICCDs and EMCCDs, shot noise is a function of the mean incident photon flux, multiplication gain, quantum efficiencies, integration time, and a noise factor that characterizes the noise introduced by the gain process.
Dark current noise is caused by thermally generated electrons that accumulate in the pixels of all CCDs. The rate of dark current generation depends on the temperature of the CCD, and is especially important for EMCCDs since it is multiplied by the on-chip multiplication gain. For the ICCDs, additional dark current noise is generated by spontaneous electron output from the intensifier photocathode and is magnified by the multiplication gain of intensifier. When CCDs are cooled, dark current noise is reduced dramatically.
Readout noise is generated by the on-chip output amplifier and subsequent electronic circuitry that converts charge into a digital representation by the A/D conversion. For EMCCDs, the readout noise can be divided into two components: the charge transfer noise that takes into account the multiplication effect of gain register and all other non-multiplied readout noises. Readout noise becomes dominant in conventional CCDs operating at high frame readout frequency.
Signal-to-Noise Ratio of NIR Fluorescence Imaging System
The performance of a system is represented by the amalgamation of components, including illumination source, camera, and optical filters. In order to quantify the measurement sensitivity of NIR fluorescence imaging systems, the SNR can be calculated using the following equation:
where F counts is the average pixel count of the signals from a fluorescence phantom over a region of interest (ROI), and N count represents the average pixel count of background signals taken from a non-fluorescent ROI at the same area. Measurement settings such as integration time, gain, and laser power are held constant for collection of F counts and N counts .
Although we have previously characterized our systems with the parameters described above using a liquid intralipid/ ICG phantom, a traceable, solid phantom is needed, especially for operational qualification measurements conducted in the clinic. Herein we develop a stable and potentially National Institute of Standards and Technology (NIST) traceable phantom consisting of a reflectance standard and stably fluorescent Qdots 800 in order to routinely evaluate imaging device performance. Herein we use a solid phantom to show the superior imaging sensitivity of ICCD cameras over EMCCDs for NIR fluorescence imaging as reflected by SNR. Since EMCCD cameras cannot be modulated to efficiently conduct time-dependent measurements, and since the plethora of imaging devices currently use CW measurements (8, 14) we restrict our comparison of ICCD and EMCCD to planar, CW measurements.
Materials and Methods
Description of Imaging Systems Figure 4 presents our developed EMCCD and ICCD based NIR fluorescence imaging systems. Excitation illumination was provided by a 785 nm laser diode (HPD1005-9mm-78503 model, High Power Devices Inc., NJ) outfitted with a 785 nm band pass "clean-up" filter (LD01-785/10, optical density .5 at 705-765 nm and 803-885 nm, Semrock, Inc.), an optical diffuser and a convex lens to provide uniform illumination over 176 cm 2 area. The collected fluorescent signals were filtered using two 830 nm band pass filters (830FS10, optical density .5 at 785 nm, Andover, Salem, NH) separated with the Nikon focus lens (AF NIKKOR 28 mm f/2.8D, Nikon, NY, USA) to increase the optical density at the excitation wavelength in order to reduce the leakage of excitation light. The filtered fluorescence signals were amplified and recorded by the EMCCD (PhotonMax, Photometrics, Tucson, AZ) or the custom ICCD (9), respectively. The EMCCD camera and ICCD camera were cooled to 270°C and 225°C, respectively. The imaging processes were implemented under LabVIEW based interface (National Instruments, Austin, TX).
Spatial Resolution of EMCCD and ICCD
A USAF 1951 target was used to determine the imaging resolution of the EMCCD and ICCD by assessing the modulation transfer function ( was computed for regions of varying l p/mm in order to describe the resolution and performance of EMCCD and ICCD based imaging systems.
Construction of Qdots 800 Fluorescence Solid Phantom
To evaluate sensitivity to NIR fluorescence, a solid phantom was made of organic quantum dots (Qdot® 800 ITK TM , Q21771MP, Invitrogen, Carlsbad, CA) painted on a calibrated diffuse reflectance target (SRT-99-020, Labsphere, Inc., North Sutton, NH). The reflectance value of the target is 99%, simulating the worse-case scenario for multiply scattered light that contributes to excitation light leakage. Qdots 800 were chosen owing to their stability and their NIR emission spectra following excitation across a broad spectral range from visible to NIR. Polyurethane was chosen as a base to adhere the Qdots 800 dye to the surface of the reflectance target.
The process of how the phantoms were constructed is as follows: A 1.0 uM solution of Qdots 800 in decane was diluted to 0.1 uM by adding polyurethane solution (Cabot, Satin, MA). The solution was mixed by hand (or using a sonicator (Vortex Genie-2, Scientific Industries, NY)). The mixture then was poured into a spray gun (Model H7670, Grizzly Industrial Inc., WA) and was sprayed onto the surface of the reflectance target. Another reflective target without added Qdots was used to create the phantom for measuring S(λ x ). Figure 5 is a schematic of the process used to construct Qdots 800 fluorescence solid phantom. To provide a measurement of dynamic range, varying densities of Qdots 800 can be applied. Herein, we employed a high and low density application of Qdots 800 as well as the one without Qdot 800 application. 
Stability of Qdots 800 Fluorescence Solid Phantom
To assess phantom stability, SNR was measured as a function of time using the ICCD imaging system described above.
When not used, the phantom was stored in a light-tight container with a dessicant, and maintained at room temperature.
Transmission Ratio and Signal-to-Noise Ratio
To evaluate the excitation light leakage and measurement sensitivity of EMCCD and ICCD-based NIR fluorescence imaging devices, R and SNR values were measured using the constructed Qdots 800 fluorescence/reflectance solid phantom. Values of R and SNR were obtained as a function of the gain, CCD camera integration time, and laser power. In all cases, the laser power was adjusted to less than 1.9 mW/cm 2 or the maximum permissible incidence level established by our approved Food and Drug Administration (FDA) investigational new drug applications which cover our clinical studies. Because motion artifacts prevent long CCD camera integration time in clinical settings, integration times were # 1.0 s.
Results and Discussion
Spatial Resolution of EMCCD and ICCD Cameras Figure 6A and 6B show the resolution chart images recorded using the EMCCD and ICCD cameras, respectively. Overall, Figure 6 : Resolution chart images acquired using an EMCCD camera (A) and an ICCD camera (B), and the graph of MTF vs. resolution (C). the modulation in finer spaced patterns gradually becomes more and more difficult to see in both systems. The last pattern fully resolved in the EMCCD and ICCD cameras are group 0, pattern set 6 (red square) and group 0, pattern set 5 (blue square), respectively. These results indicate that the EMCCD camera can image finer detail of a target compared to that of the ICCD camera as expected. Figure 6C depicts the calculated MTF as a function of resolution, further demonstrating that the spatial resolution of the EMCCD camera is greater than that of ICCD camera. Again, the result is expected since the spatial resolution of ICCD camera is ultimately limited by the intensifier. Figure 7 depicts the calculated SNR on the high and low density Qdots 800 regions using the ICCD based NIR fluorescence imaging system as a function of time. The results show that no degradation in the SNR was observed over a period of three months, indicating that phantom remains stable to within <10% variations and this may be due to instrumentation variability over time. While we continue to monitor the phantom's stability, this phantom is nonetheless a stable alternative compared to the hours-long stability of liquid lipid and dye phantoms commonly used to assess device performance. Further development of the phantom as a standard for manufacturers in device verification and validation is underway. Figure 8 depicts values of transmission ratio, R, and SNR of the EMCCD and ICCD based NIR fluorescence imaging systems as a function of gain ( Figure 8A and 8B) , CCD camera integration time ( Figure 8C and 8D) , and laser power ( Figure 8E and 8F) . The magnitude of R depends on the gain of EMCCD as shown in Figure 8A and may be due to the nonlinear response of EMCCD camera on the input signals. As the EMCCD gain increases, the proportion of "leaked" excitation light may be more heavily weighted. In contrast, as shown in Figure 8C the magnitude of transmission ratio, R, is independent of the integration time of the EMCCD based imaging device and, as shown in Figure 8B and 8D, independent of intensifier gain and integration time of the ICCD based imaging device. The lack of dependence on R is expected since the detected "true" fluorescence and "leaked" excitation light are both approximately proportional to the intensifier gain and CCD camera integration time. As expected, higher laser power results in the increased excitation light leakage in both EMCCD and ICCD based NIR fluorescence imaging systems, as shown in Figure 8E and 8F.
Phantom Stability Over Time

Values of Transmission Ratio and SNR in EMCCD and ICCD-Based Devices
From inspection of Equation (1), as the density of Qdots is reduced, one would expect an increase in the values of transmission ratio, R, since the "leaked" excitation light can be considered as constant when all other experimental parameters are constant. This trend is seen in the increased values of R for low as compared to high densities of Qdots in all panels of Figure 8 . Interestingly, the values of R measured for all experimental cases are less than 0.02, indicating that the measured fluorescence signals dominate over the excitation light leakage. The value of R may provide a standard metric for quantification of excitation light leakage in NIR fluorescence based imaging devices. Although the same filter set was employed for separating fluorescence signals from strong backscattered excitation light, the values of transmission ratio, R, measured using the EMCCD based device were always less than that of ICCD based device for each experimental cases.
As shown in Figure 8B , D and F, the SNR performance in ICCD-based device continuously improved with increasing the gain, integration time and laser power and easily reached its shot-noise limit, beyond which the SNR is constant, indicating that the shot noise overwhelms the other noise sources. Although the SNR performance in EMCCDbased device increases with gain, integration time, and laser power as shown in Figures 8A, C , and E, the system is not shot-noise limited and the readout noise is the dominant limiting factor. In all cases, the ICCD-based device provides higher SNR and better measurement sensitivity compared to that of EMCCD-based device, which is consistent with the transmission ratio, R. The higher measurement sensitivity may be due to the higher gain provided by the intensifier of ICCD camera than of multiplication register of EMCCD camera.
The comparisons between EMCCD and ICCD developed with the solid phantom mimic that with the intralipid phantoms used by several groups (16, (20) (21) . Figure 9 illustrates the comparative performance of the EMCCD and ICCD based devices in which a 1.0 nM ICG in 1.0% Liposyn solution mimicking scattering properties of tissue is compared with identical laser power and integration times. Even with the gain of the EMCCD camera set to maximum value to obtain as high SNR as possible, the measured fluorescence signal is low and contaminated by a higher noise floor when compared to that from ICCD and may account for the higher sensitivity reported using NIR sensitive ICCD devices as opposed to EMCCD devices. A and B) , CCD camera integration time (C and D) and laser power (E and F), where t and p represent the CCD camera integration time and laser power, and the gain value in the ICCD camera is the voltage supplied to the high power supply for the intensifier with range from 1 to 10.
Conclusion
Imaging devices with high measurement sensitivity are needed to facilitate the clinical translation of NIR fluorescence, especially for "first-in-humans" NIR fluorescence imaging agents that need to be employed at minimal dosages. Under current imaging techniques, the gain of the NIR fluorescence devices are increased until a signal is registered, however in the absence of clearly defined fluorescent structures, it is often difficult to determine whether the observed signal is real or an artifact resulting from the excitation light leakage. The ability to quantify and minimize excitation light leakage using a traceable phantom or standards will increase the reliability and value of clinical NIR fluorescence imaging. Herein, we developed a quantum dot-based fluorescence solid phantom for the characterization of excitation light leakage and measurement sensitivity in both the EMCCD and ICCD based NIR fluorescence imaging devices. The stability of the constructed quantum dot-based fluorescence solid phantom was demonstrated and then used to qualify the higher measurement sensitivity of the ICCD-as opposed to EMCCD-based NIR fluorescence imaging devices. The phantom was used to assess the calculated transmission ratio, R, and SNR. In general, the constructed fluorescence solid phantom should be stored in a dry, dark location. Whether the fluorescence phantom stability decays when exposed to a light environment for a long time (for example, one month) remains to be evaluated in future studies. More frequent use could also reduce its stability as same as the phantom is not stored at dark location. This also needs to be examined in future studies. However, it is noteworthy that for qualification of a specific NIR fluorescence imaging device, the constructed phantom only needs to be exposed under light conditions for a few minutes. Therefore, the constructed quantum dot based solid phantom and the methodology for measuring parameters of transmission ratio and SNR can be used/adapted as a standard and quantifiable metric for installation and operational qualification of CCD, EMCCD and ICCD based NIR fluorescence imaging devices. For example, the organic quantum dots 800 constructed of a fluorescent solid phantom can be replaced with other ones depending on the operating wavelengths of other fluorescence imaging devices. For those using timedependent measurement approach such as FDPM, the transmission ratio and SNR can be calculated with the measured DC intensity and AC amplitude. For those with the point illumination and area collection geometry the chosen ROI shouldn't include the illumination point. 
